The two main factors contributing to depletion of freshwater resources are climate change and anthropological variables. This study presents statistical analyses that are local in its specifics yet global in its relevance. The decline in Gulf Coast aquifer water quality and quantity has been alarming especially with the increased demand on fresh water in neighboring non-coastal communities. This study used seawater levels, groundwater use, and well data to investigate the association of these factors on the salinity of water indicated by chloride levels. Statistical analyses were conducted pointing to the high significance of both sea water level and groundwater withdrawals to chloride concentrations. However, groundwater withdrawal had higher significance which points to the need of water management systems in order to limit groundwater use. The findings also point to the great impact of increased groundwater salinity in the Gulf Coast aquifer on agriculture and socioeconomic status of coastal communities. The high costs of desalinization point to the increased signification of water rerouting and groundwater management systems. Further investigation and actions are in dire need to manage these vulnerabilities of the coastal communities.
than 1.5 billion people worldwide and more than fifty percent of the United States (US) population. The main four issues with groundwater are overdraft, waterlogging, seawater intrusion, and pollution. The direct effects of climate change include groundwater recharge, discharge, storage, saltwater intrusion, biogeochemical reactions, chemical fate, and transport. Whereas climate change indirect effects are anthropological factors which exacerbate the direct effects [1] [2] [3] . Research has provided mixed results when comparing the impact of direct and indirect effects with spatial variations [4] .
The sharp interface between fresh groundwater and coastal salt water is affected by climate change due to the continual increase in sea level resulting from glacial melt and thermal expansion of water. By 2001, sea level has risen globally by 25 cm [3] . The increase in sea water level increases the height of water table which in turn results in subsurface flooding. This impacts septic systems, infrastructure, wetlands, and ecosystems [5] [6] . Another effect of sea level rise on groundwater is increased salinity. Fresh water pumping from coastal aquifers wells lowers the water table level below sea level which increases saltwater intrusion [4] [7] [8] .
The Gulf Coast aquifer is a major aquifer system extending from the Texas-Louisiana Border in the northeast to the Texas-Mexico border in the south. It is a heterogeneous complex system where the fluctuations of sea level throughout history resulted in sedimentary depositions in the coastal plains of the Gulf of Mexico Basin. Sediments of sand and clay continued to deposit with the change of sea level [9] . According to Texas Water Development Board (TWDB), freshwater saturated thickness in the aquifer averages about 1000 feet and the quality of its water varies with both depth and location being better in the north and declining to the south. Moreover, increased extraction has led to land subsidence in the most populated counties like Harris County and Fort Bend County [10] . The vulnerability of this coastal aquifer to increased extraction and climate change has impacted fresh water availability and caused increased flooding [7] . These lead to socioeconomic effects including displacement, evacuations, and public health issues. These impacts combined with other issues facing coastal communities in Texas and other places in the world, makes it more complicated to mitigate and manage the issues [11] [12] [13] [14] [15] [16] [17] [18] . Disparity of impacts affect groups of lower income, non-English speakers, and vulnerable age groups (65 years or older, 5 years or younger) [14] . Seawater intrusion to the Gulf Coast aquifer is complicated and can take one or more of these three forms: lateral intrusion from the Gulf of Mexico; upward intrusion from deeper, more saline zones of a groundwater system; and downward intrusion from coastal waters [19] .
The objective of this study was to study the effect of sea level rise (direct climate change effect) and groundwater withdrawal (anthropologic indirect effect) on sea water intrusion in the Gulf Coast aquifer. The effects of these factors on the concentrations of chloride sampled from groundwater wells were investigated. Chloride is one of seawater intrusion indicators due to its chemical stability and similarity of its intruding rate to seawater's [20] . Chloride concentration in the Gulf Coast aquifer, among other constituents has been on the increase [21] .
Although chloride has a maximum contaminant level (MCL) of 250 mg/L [22] , a concentration of 100 mg/L or more has been assumed to indicate seawater intrusion [20] [23].
Methods
Monthly mean sea level data were downloaded from Sea Level Trends website developed by the National Oceanic and Atmospheric Administration (NOAA) [24] . Total chloride (Cl) in mg/L concentration along with other variables for the wells of Gulf Coast aquifer ( Table 1) was extracted from the website of TWDB [25] . Estimated Use of Water in the United States County-Level Data for 2010 variables were downloaded from the United States Geological Survey (USGS) website [26] . Variables downloaded include total public supply groundwater withdrawals, domestic self-supplied fresh groundwater withdrawals, total industrial self-supplied groundwater withdrawals, fresh groundwater withdrawals for irrigation, fresh groundwater withdrawals for livestock, total groundwater withdrawals for aquaculture, and total groundwater withdrawals, in millions of gallons of water used per day (Mgal/d).
Statistical analyses were conducted at 0.05 significance level using GeoDa 1.6.7 [27] . ArcMap 10.3.1 was used for mapping [28] . Ordinary least squares with spatial dependence regression analyses were conducted. Spatial weights matrix was formed using wells longitude and latitude data [11] [29]- [31] . The spatial regression performed has the equation [Cl] = intercept + longitude + latitude +distance to the Gulf of Mexico + sea level + groundwater withdrawals + spatial residual.
Results
Data for the twenty years from 1996 to 2015 were extracted and linked into one dataset. Summary statistics for chloride and pH are presented in Table 2 . Annual average chloride has been higher than MCL except for year 2005 (247.28 mg/L). T-test and Fisher's F-test were conducted to test the hypothesis of changing means and variances respectively, between each two years ( Figure 1) . Tests' results led us to conclude that the means and variances for chloride have changed across the years. pH average remained near the neutral level of 7 (Figure 2) . Kurtosis and skewness of chloride were 29.31 and 4.43 respectively. This indicates departure from normality and justified the application of logarithmic transformation in order to comply with regression assumptions. Pair-wise correlation coefficients are presented in Table 3 . The pair-wise correlations between chloride and pH were low whereas the pair-wise association between the distance to the Gulf of Mexico and mean sea level was slightly higher. Correlation between chloride sampled from 1996 to 2014 and mean sea levels for the same years was 0.11 but kept increasing to 0.31 for the years 1900 and 1958. Table 4 presents the pair-wise associations between wells' chloride concentrations and their counties' groundwater withdrawal. All correlations except with withdrawal for livestock were negatively associated to chloride levels. Regression F-statistic came out significant and R-squared was 53%. Nevertheless, mean sea level was statistically significant with a p-value of 0.02 and a regression coefficient of 2.62, pH was not significant, and the distance to the Gulf of Mexico was significant with a regression coefficient of −1.02. The seven county groundwater withdrawal variables were highly significant to chloride levels. All except withdrawal for livestock and total withdrawals were negatively associated with the dependent variable ( Table 5) . 
Discussion
The high chloride concentration is a strong indicator of seawater intrusion [23] especially in wells within proximity of salt water bodies like the Gulf of Mexico. Annual average concentrations had high variations from 1996 to 2015. This is attributed to variations in the hydrologic cycle. According to the Intergovernmental Panel on Climate Change (IPCC), climate change increased precipitation variability in the US. Increased precipitation (with uncertain amounts) is caused by increased water vapor and evaporation associated with warmer temperatures. The change in precipitation varies from one region to another but has resulted in higher risks of flooding, decrease in summer water supply, and decrease of both surface and ground water quality [3] [18]. However, the United States Environmental Protection Agency (EPA) claims that the increase in precipitation in the US is estimated to be 6% whereas it is 2% worldwide [32] . The spatial variation in chloride groundwater concentrations could be attributed to two factors: recharge and variations in population water use. Recharge is at its lowest in the southern parts of the Gulf Coast Aquifer [33] . The 95 year rolling window pair-wise association between chloride concentrations and sea water levels is supported by the characteristic timescale of 100 -200 years of ocean thermal expansion due to global warming [34] .
Increased withdrawal of groundwater has deteriorated the quality of groundwater. This study contributes to the ongoing debate on the impacts of sea level rise versus withdrawal where the anthropological effects have more severe impacts [4] . This is supported by the higher statistical significance for groundwater withdrawal variables than that for sea level (Table 5 ) and the increased percentage of irrigation groundwater withdrawal (Figure 5 ). Relevant mitigations include rerouting water, desalinization, seawater injection wells [8] , and demand management through legislation [35] [36] . Groundwater management systems are interpreted in decisions controlling the volume of water withdrawn annually from the aquifer, location of pumping and artificial recharge wells and their rates, and groundwater contamination control [37] . The high costs of desalinization make them a very expensive remedy for irrigation [38] . Hence, more efforts need to be directed towards water rerouting and management systems.
Conclusion
The primary goal of this study was to assess the effects of sea level and groundwater withdrawal on chloride levels in the Gulf Coast aquifer, as a proxy to sea water intrusion in the coastal aquifer. Data were extracted from three sources: NOAA, TWDB, and USGS. Statistical analyses demonstrated that temporal and spatial variability of chloride concentrations as well as its statistically significant associations with sea level and groundwater withdrawals. Validation demonstrated the robustness of the model. The findings support the calls for better water management especially in the southern communities where higher chloride concentrations were measured. Moreover, the viability of interventions like seawater barrier injection wells should be explored. Analyses point to the increased importance of water management and policies in order to protect freshwater sources especially for irrigation. Finally, in order to overcome the limitations of the study, further wider investigations are recommended for different coastal aquifers.
Strengths and Limitations
To our knowledge, this is the first study to estimate the statistical significance between groundwater salinity and both sea level and groundwater use for the Gulf Coast major aquifer. Despite the low R-squared value (53%) of the ordinary least square spatial regression, the analysis captured important predictors of groundwater chloride level.
Groundwater withdrawal data are at the county level [39] . Future research could benefit from groundwater extraction (pumpage) more accurate quantities at the well level. Also, the latest available data are for 2010 which is six years behind the timeframe of the study.
